Data on the involvement of aldosterone in the regulation of the renin-angiotensin-aldosterone system (RAAS) in rodents are still scarce, partly due to the high sample volumes needed by commercially available assays and to the very low aldosterone concentrations present. We have developed a highly sensitive and non-isotopic immunoassay, requiring a volume of only 50 ml serum for a duplicate measurement, employing a highly specific monoclonal antibody against aldosterone. The assay was validated in human and mouse samples and exhibited a linear working range from 10 to 1000 pg/ml. Values obtained after a chromatographic purification step correlated significantly to the dichloromethane extraction ordinarily used. Basal aldosterone values were measured in 75 mouse hybrids and found within the linear range (173G21 pg/ml), with no significant difference between males and females. Additionally, we show an increase in serum aldosterone in mice from 3 to 11 weeks of age. Mice of the same genetic background were treated with dexamethasone intraperitoneally (nZ7), resulting in significantly decreased concentrations (35G3 vs 114G33 pg/ml in controls; P!0 . 001). In contrast, adrenocorticotropic hormone resulted in significantly increased serum aldosterone (603G119 pg/ml; nZ7; P!0 . 001), as did the physiological stimulation of the RAAS by a high K C /low Na C diet (1369G703 vs 172G36 pg/ml). In conclusion, we have developed and validated an extremely sensitive assay for determination of aldosterone concentrations from very small serum samples, which could be especially useful in pharmacological intervention studies in rodent models.
Introduction
An increasing body of work to examine adrenocortical zonation and to define factors involved in adrenal steroidogenesis has been performed in the rat model and other species (Peters et al. 1999 , Takaya et al. 2001 , Vinson 2003 , 2004 . However, genetically altered animal models which are of increasing importance for intervention studies and to establish a genotypephenotype relationship are restricted to the mouse (Peters et al. 1999 , Berger et al. 2000 , Takaya et al. 2001 , Cole et al. 2003 , Jensen et al. 2004 , Vinson 2004 , Kessler et al. 2005 , Lee et al. 2005 , Billet et al. 2006 , Cao et al. 2006 , Makhanova et al. 2006 . Currently, there is a lack of longitudinal and systematic studies addressing adrenal gland growth and function as well as circulating aldosterone concentrations in mouse models. Plasma concentrations of corticosterone are relatively high and are therefore unproblematic to measure in mice (Weber et al. 1999 , Coll et al. 2004 , Wang et al. 2004 , Karpac et al. 2005 , Lee et al. 2005 , Sausbier et al. 2005 , Schmidt et al. 2006 , Davies et al. 2007 ), whereas measurement of aldosterone can be problematic due to the low concentrations found in plasma and the limited amounts which can be collected from mice when repeated measurements must be carried out.
There is a discrepancy in the levels of aldosterone which have been reported so far in mice (Takaya et al. 2001 , Cole et al. 2003 , Cassis et al. 2005 , Kessler et al. 2005 , Cao et al. 2006 , Makhanova et al. 2006 . This problem arises from the variability in the assays commercially available for aldosterone measurement and the antibodies utilized. The antibodies used in commercial assays are mostly polyclonal and differ in affinity and specificity in recognizing aldosterone. Moreover, polyclonal antibodies against aldosterone are mostly incorporated in RIAs, but these require larger volumes and are associated with the obvious hazards and limitations of using radioactivity. In the present article, we present a non-isotopic, competitive immunoassay which utilizes a highly specific monoclonal antibody against aldosterone. The assay requires a small volume of serum or plasma which is especially desirable if an experimental procedure involves repeated in vivo sampling or if a variety of different parameters need to be determined. The assay is based on the competition principle with non-radioactive biotinylated aldosterone tracer in combination with streptavidin-europium for time-resolved fluorescence measurement (TR-FIA).
Studying the renin-angiotensin-aldosterone system (RAAS) in rodents has been hampered by the fact that the rodent adrenal gland is a complex organ with morphological differences found between species and strains, as well as at different ages; this poses obstacles in the assessment and comparison of data arising from transgenic and non-transgenic animal experiments. Mineralocorticoids are secreted by the outermost zone of the adrenal gland, the zona glomerulosa. The function of this zone is controlled both by the RAAS via angiotensin II and III (Williams 2005a) and by pituitary hormones, especially adrenocorticotropic hormone (ACTH; Seely et al. 1989 , Muller 1995 , but sodium chloride (NaCl) and K C levels also play a major part (Lee et al. 2005 , Williams 2005b .
In this study, we present a new assay to measure aldosterone and validate the assay by showing levels in three different mouse models: serum aldosterone in male and female mice at different ages, after stimulation and suppression of the hypothalamicpituitary-adrenal axis and after dietary intervention.
Materials and Methods

Materials
All solvents, reagents, and commercially available steroids were of analytical reagent grade or highest percent purity. Steroids, organic, and other materials were purchased from Fluka, Taufkirchen, Germany and Sigma-Aldrich. Streptavidin labeled with europium was purchased from Perkin-Elmer Life Sciences (Turku, Finland). Buffers were prepared in distilled deionized water.
Anti-aldosterone antibody
The monoclonal antibody against aldosterone used in the immunoassay was prepared as previously described (Gomez-Sanchez et al. 1987) , where cross-reactivities for cortisol and corticosterone were found at !0 . 003% and were at !0 . 1% for other potentially cross-reacting steroids. Crossreactivities for 5a-dihydroaldosterone, 3a,5a-tetrahydroaldosterone, and other aldosterone metabolites have previously been reported at !4% for this antibody (Abayasekara et al. 1993 ). The antibody was tested in our laboratory at a series of dilutions in sodium phosphate (Na 2 HPO 4 !2H 2 O) buffer, pH 7 . 4, in order to determine the optimum concentration producing highest counts and highest displacement capability of the tracer used in the final assay procedure.
Aldosterone tracer
Biotinylated aldosterone, used as tracer in the immunoassay, was prepared by coupling aldosterone 3-O-carboxymethyloxime (3-CMO) with a commercially available biotin hydrazide derivative according to a procedure previously described (Dressendorfer et al. 1992) . Briefly, aldosterone 3-CMO active ester derivative was prepared on the first day as follows:
11 . 5 mmol aldosterone 3-CMO (Steraloids Inc., Newport, RI, USA, no. Q2010-000) was dissolved in dry, amine-free N,N-dimethylformamide (DMF; Sigma, no. D8654) and coupled with 5 . 6 mg N-hydroxysuccinimide (NHS; Fluka, no. 56480) and 10 . 3 mg N,N 0 -dicyclohexylcarbodiimide (DCC; Fluka, no. 36650). The reaction mixture was stored at room temperature under light exclusion for 24 h. Coupling of the aldosterone-NHS ester to biotin was then carried out as follows: 25 mmol biotinamidocaproyl hydrazide (Sigma, no. B3770), was dissolved in dimethyl sulfoxide (DMSO; Sigma, no. D5879), added to the initial reaction mixture and left at room temperature for another 24 h under light exclusion.
Aliquots of the aldosterone 3-CMO-biotin conjugate were further diluted in 50 mM Tris-HCl buffer (pH 7 . 8) and applied to a reverse phase chromatography column for purification (250!4 . 6 mm, Synergi 4u Fusion-RP 80A, Phenomenex, Aschaffenburg, Germany, no. 00G-4424-E0).
Mice/experimental
Mice (C57BL/6!NMRI) were maintained under specified pathogen-free conditions in a closed barrier system and monitored as recommended (Nicklas et al. 2002) . All mice had free access to a standard rodent diet (V1534; Ssniff, Soest, Germany) and tap water ad libitum. The diet used contains a standard concentration of salts, a total of 0 . 24% Na C and 0 . 91% K
C
. At an age of 3 weeks, animals were weaned and separated according to gender. At different time points (3, 5, 7, 9 , and 11 weeks after birth), male and female mice (nR8/ sex per age group) were weighed and then killed after obtaining a blood sample under ether anesthesia.
Blood samples were taken between 1300 and 1600 h. The animals were anesthetized individually in a glass jar containing saturated ether vapor, and retro-orbital blood was collected with heparinized microcapillaries in clearly !1 min from initial handling within the cage (Weber et al. 1999 , Hoeflich et al. 2002 . All animal experiments were carried out according to the German Animal Protection Law.
Assay procedure
Sample extraction The serum sample (50 ml) collected from each animal was thawed and extracted using 2 ml dichloromethane (DCM)/polyethylene glycol 10 000 (PEG; 50 mg/l) according to a modified version of that described earlier (Tschop et al. 1998) . Each 50 ml sample was pipetted in a glass tube and vortexed at a low speed for 30 min and after the two phases separated, the organic phase (1 . 7 ml) was removed, transferred to another tube, and left to evaporate overnight. On the following day, samples were reconstituted with 10 ml pure methanol and 190 ml assay buffer. Values obtained upon measurement were multiplied by four to compensate for the dilution factor.
Assay procedure After reconstitution, 50 ml of each of the samples were pipetted in duplicate directly onto microtiter plates previously coated with the monoclonal mouse anti-aldosterone capture antibody, along with aldosterone calibrators and controls. Calibrators were prepared from a 100% ethanolic stock of aldosterone at 10 mg/ml (Fluka 05521) by serial dilution in assay buffer so that calibrators contained !5% ethanol. Subsequently, 100 ml biotinylated aldosterone tracer were pipetted into each well (5 pg/well), the plate was sealed with self-adherent foil to avoid evaporation and incubated overnight at 4 8C. The following day, the incubation was terminated by washing three times on an automatic microtiter plate washer (TECAN, SLT; Crailsheim, Germany) using an in-house prepared 0 . 05% v/v PBS/Tween-20 buffer. Two-hundred microliters per well of a streptavidin coupled to europium conjugate (PerkinElmer/Wallac) were then added and incubated for 30 min on a horizontal shaker at room temperature. After a sixfold wash of the plate, an in-house 'enhancement solution' was added and incubated on the shaker for 15 min, used to transfer the europium conjugate into a fluorescent complex. The amount of biotinylated aldosterone bound was then measured using a fluorometer (VICTOR 3 , Perkin-Elmer).
Chromatographic separation of aldosterone for use in immunoassay
Comparison of aldosterone levels before and after chromatographic purification was carried out using partition chromatography with celite as the inert support (Celite 545 AW, SigmaAldrich) according to a modified version of the method described in Abraham et al. (1972) and used for comparison of chemiluminescence immunoassay in Materials and Methods in Schirpenbach et al. (2006) . Briefly, the stationary phase consisted of 30% formamide in water, while the mobile phase consisted of a mixture of ethyl acetate in n-hexane with increasing polarity in a stepwise fashion. Aldosterone-containing fractions were eluted at 50% ethyl acetate:n-hexane. Eluates were dried under nitrogen gas pressure, and the dried residue on the walls of the glass tubes was re-dissolved in ethylene glycol water (0 . 2%) to a volume corresponding to the initial sample volume.
Fifty-four plasma samples (34 mice and 20 human), covering the range from 0 to 1000 pg/ml, were used for comparison of the celite chromatographic purification to the DCM extraction step included in our assay method.
Plasma aldosterone in RIA compared with TR-FIA
A series of 18 human plasma samples taken from daily profiles in two patients with Conn's syndrome were assayed for aldosterone content using a commercially available RIA kit (200 ml required per singlicate; Aldosterone Coat-A-Count, Diagnostics Product Corporation, Biermann, Germnay) and compared with the results obtained by the in-house TR-FIA (50 ml) after extraction with dichloromethane and reconstitution according to the aforementioned procedure.
TR-FIA validation All validation experiments carried out
to assess the performance of the assay (see also Results section) were completed using human plasma samples which were extracted accordingly, due to the lack of ease of obtaining large volumes of serum or plasma from rodents.
Stimulation/suppression tests
Seven mice (aged 11 weeks) were injected intraperitoneally (i.p.) for 10 consecutive days with a daily dose of 250 ml ACTH solution (Synacthen, Novartis, Nuremberg, Germany, 0 . 25 mg/ml). A second group (nZ7) received daily i.p. injections of 200 ml dexamethasone solution (Vetoquinol, Firma, Germany; 4 mg/ml). A control group (nZ7) received 250 ml vehicle only per day (0 . 9% v/v NaCl; B Braun, Melsungen, Germany) intraperitoneally. On day 10, 3 h after the last injection, mice were killed, and the blood samples were collected in the afternoon as described above.
Effect of an increased potassium diet on the adrenal RAAS
Mice serum samples used for the assessment of aldosterone levels in mice given a high or low potassium containing diet were collected from the Institut für Molekulare Medizin und Zellforschung, Universität, Freiburg. Seventeen, 12-week-old male wild-type mice (CD1), were divided into two groups and were fed for 5 weeks with a regular chow (total Na C and K C made up 0 . 24 and 0 . 91% of the diet respectively) and distilled water in the control group (nZ10), and low sodium, high potassium chow (total Na C and K C at 0 . 014 and 1 . 14% of the diet respectively), and distilled water containing 2% v/v KCl in the high potassium group (nZ7). Mice were anesthetized using isoflurane before decapitation and subsequently trunk blood was collected, and serum samples were transferred in aliquots to 1 . 5 ml eppendorf tubes containing 10 ml of 0 . 5 M EDTA.
Blood was spun down at 2000 g for 10 min at 4 8C, and the supernatant (serum) was transferred to new 1 . 5 ml eppendorfs.
Samples were stored at K20 8C until the time of assessment. Samples were measured using the TR-FIA assay with a 50 ml sample using the Sample extraction and Assay procedure as described above, as well as with the DPC RIA using 400 ml for the duplicate values.
Statistical analysis
Since the data presented did not meet the assumptions for parametric analysis, all data were analyzed using nonparametric tests. The relationship between the results obtained from chromatographic purification and dichloromethane extraction was analyzed using Pearson's correlation coefficient (one-tailed hypothesis). In order to examine differences in sex within each age group and overall Mann-Whitney U test was performed. Kruskal-Wallis test was used to examine age-dependent differences in aldosterone levels in control mice and to examine differences in aldosterone levels between dexamethasone-treated, Synacthen-treated, and non-treated control mice. Significant differences in the multi-group test were specified by subsequent pair-wise post hoc Mann-Whitney U tests.
Results
TR-FIA validation -performance of assay
Antibody titration The amount of aldosterone antibody immobilized on the microtiter plates was adjusted in order to give optimum sensitivity. Figure 1 shows the dilution curves, each representing the results obtained with decreasing amounts of antiserum. Although the estimated doses 50% maximal binding, ED 50 , were very similar in the two upper curves, total counts decreased significantly at a 1:5000 titration so that 1:2500 was finally chosen as a compromise between the highest total counts and the lowest possible concentration of antiserum and was used in all following experiments. A typical standard curve for the aldosterone TR-FIA is shown in Fig. 2 .
Analytical sensitivity The analytical sensitivity or lower limit of detection (LOD) of the assay was determined by assessing the zero standard in a typical assay a total of 20 times, and the mean (GS.D.) value of the counts was calculated (50 791G3444). A statistically significant difference from the zero standard was taken to be more than two times the standard deviation from this repeated mean (i.e., 43 903 counts). The corresponding aldosterone value was thereafter determined from its intercept with the displacement curve and corresponded to 8 pg/ml.
Precision Intra-assay coefficients of variation were determined by 20-fold measurements of pooled plasma samples with aldosterone concentrations of 18, 34, and 139 pg/ml which were extracted, reconstituted, pooled again, and then added as samples on the same plate and found to be 7 . 3, 6 . 3, and 4 . 4% respectively. Inter-assay coefficients of variation were determined by 20-fold measurements, on consecutive days, of plasma samples of 14, 37, and 161 pg/ml and were found to be 15 . 2, 15 . 1, and 8 . 0%
respectively.
Linearity and recovery A plasma sample which was measured above the highest standard point of the linear range of the assay was diluted (1:2) in the matrix medium used to produce the calibrators and measured at 963 pg/ml. This sample was then further serially diluted (1:4, 1:8, 1:16, and 1:32), and the average recovery rate was found to be 105% (Table 1) . Two plasma samples, measured at 29 and 20 pg/ml, were each extracted and reconstituted a total of seven times and each of the standard points from 20 to 2000 pg/ml was then added at a 1:1 dilution to the sample. Average recovery for each sample was found at 99 . 9 and 106% (Table 2) . 
Clinical validation
Serum aldosterone concentrations in male and female mice
Values from all wild-type animals used in the study were examined in order to determine gender differences which may be present in mice. There was no overall significant difference (PZ0 . 396) found between female (nZ35) and male (nZ40) mice, whose serum values had mean (GS.E.M.) levels of 163G34 and 181G27 pg/ml respectively (Fig. 6 ). In addition, there was no sex difference in any particular age group (PO0 . 05 at 3, 5, 7, 9, and 11 weeks; Table 3 ).
Serum aldosterone levels during development
Since no gender-dependent differences in serum aldosterone levels were observed throughout the studied points of time (3, 5, 7, 9, and 11 weeks of age), aldosterone values for female and male mice were averaged at the different points of time (week 3, nZ8; week 5, nZ8; week 7, nZ27; week 9, nZ12; and week 11, nZ20) and found to have mean (GS.E.M.) aldosterone concentrations of 52G9, 57G11, 272G45, 107G33, and 174G34 pg/ml respectively (results for individual male and female age groups; Table 3 ). The Kruskal-Wallis non-parametric test displayed an overall significance between the groups (c 2 Z1898; dfZ4;
PZ0 . 001). No significant difference in aldosterone levels was found between weeks 3 and 5 (PZ0 . 753). At an age of 7 weeks, aldosterone rose by 377% compared with the 5-weekold mice (PZ0 . 003). Although there was a drop at week 9, serum aldosterone concentrations remained high overall and were not significantly different between 9 and 11 weeks (PZ0 . 115). At week 11, the aldosterone levels were still significantly higher than at both weeks 3 and 5 (PZ0 . 007 and PZ0 . 011).
Serum aldosterone during suppression and stimulation tests
The Kruskal-Wallis non-parametric test showed an overall significance between the three groups of control, dexamethasone suppressed, and ACTH-stimulated mice (c 2 Z15 . 866; dfZ2; P!0 . 001; Fig. 7 ). Animals treated with dexamethasone had significantly lower concentrations of aldosterone (35G3 pg/ml) than the control mice (114G33 pg/ml; PZ0 . 021). Six out of the seven mice treated with dexamethasone suppression had values below the LOD (8 pg/ml). For the calculation of the mean, all these values were assigned a concentration of 8 pg/ml. Mice stimulated with ACTH showed significantly elevated values compared with the control group (603G119 pg/ml; PZ0 . 003).
Effect of an increased potassium diet -stimulation/suppression of adrenal RAAS Serum samples measured from mice sustained on a high K C /low Na C diet had mean aldosterone values of 1369G703 pg/ml and the control group had a mean of 172G36 pg/ml, as measured by the in-house TR-FIA. The aldosterone values from the high K C /low Na C group were significantly higher than those of the control group (P!0 . 005; Fig. 8) . Similarly, the same samples from the same groups of mice when measured with the commercial DPC RIA kit gave values of 1744G697 and 294G65 pg/ml in each respective group. Again, the high K C / low Na C -fed animals were significantly higher compared with the controls (P!0 . 001). Results obtained from samples measured using the two different methods, RIA and TR-FIA, had no statistically significant difference when comparing any of the two groups of control and high potassium/low sodium diet.
Discussion
In the present study, we describe the development and application of an immunoassay designed to detect levels of aldosterone in small volumes of human or mouse serum or plasma samples. Due to the fact that aldosterone is the 'minority hormone' of the adrenal cortex, with plasma cortisol concentrations in humans up to 2000 times higher than plasma aldosterone concentrations (Muller 1995) , its assessment is often tricky and inconsistency exists in the levels reported so far.
Assays previously developed for the measurement of aldosterone in human serum or plasma and modified for use in animals, are mostly radioactive, require high volumes and employ polyclonal antisera. Though several aldosterone assays have been described in the literature so far, two studies report the use of a monoclonal antibody (de Lauzon et al. 1987 , Hanquez et al. 1988 . These either required large 2 ml samples for extraction purposes and were not validated in serum of rodents, as in the case of the first assay, or as in the second, application of the assay using biological fluids was only suggested and not demonstrated or applied. However, Figure 5 Correlation of aldosterone measurement in plasma samples as measured by the TR-FIA after partition chromatographic purification using celite as the inert support and a mixture of ethyl acetate/n-hexane as the mobile phase versus after an extraction procedure using dichloromethane/PEG 10 000. Figure 6 Mean serum aldosterone levels in female and male WT mice (nZ35 and nZ40 respectively). Bars indicate 25th and 95th percentiles for each group, and significance was calculated by unpaired t-test.
other more sensitive RIAs, either direct or requiring extraction, have also been reported requiring smaller volumes and having lower limits of detection up to 2 pg/ml (Nussberger et al. 1984 , Miller et al. 1997 .
Assay validation
In the assay described and validated here, we utilize a monoclonal antibody which allows the measurement of concentrations in a very sensitive range and with reproducible results. The assay works in a competitive manner with the advantage of incorporating a non-isotopic, biotin-labeled aldosterone tracer, so that the amount of aldosterone present in the sample correlates inversely with the amount of antibody immobilized in each well and bound to the biotin tracer. Although the exact amount of immobilized aldosterone per well is unknown, the results from the dilution curves in Fig. 1 indicated that the optimum amount of antiserum was that yielded by a well-coating at a 1:2500 titration of the original supernatant retrieved from cell culture. The validation criteria for the assay have been met accordingly, and the assay shows good linearity and reproducibility following extraction of samples with dichloromethane. The main advantage presented here is the very small amount of only 50 ml serum or plasma necessary for a duplicate measurement due to modification of a previously established extraction procedure. This is especially useful for procedures requiring repeated blood drawing, for example, that recovered by tail-vein bleeding. Furthermore, the assay allows detection of aldosterone levels at low concentrations as may be the case in pharmacological studies or in genetically modified mice in which circulating aldosterone concentrations are altered and may be extremely low.
As a further step towards validating the assay, we have correlated the values obtained with the TR-FIA to a commercially available RIA commonly used in many laboratories carrying out animal studies, albeit with conflicting results, for baseline values in wild-type rodent plasma and serum samples. Although our TR-FIA measures at a lower level than that of the RIA, possibly due to the fact that a monoclonal antibody is more selective in the species of aldosterone within a sample that it recognizes, there was good There was no significant difference between the male and female mice throughout the weeks of development.
Figure 7
Mean serum aldosterone levels in grouped male and female WT mice treated with dexamethasone for 10 days, NaCl (control group) for 10 days, and Synacthen ACTH for 10 days. Significance compared with baseline control group was determined by unpaired t-test. correlation between the two assays (R 2 Z0 . 93; Figs 3 and 4) .
The difference in measurement can also be explained by the fact that the commercial RIA we used for comparison does not incorporate an extraction or chromatographic purification step in the assay procedure, a step which excludes the possibility of potentially interfering substances giving falsely high results. Differences in the specificity of antibodies as well as several other factors may contribute, one important issue arising from the difference in calibration of assays which often generates higher values in some compared with lower values in others. Major differences in mean aldosterone values despite high inter-assay correlations are common and have previously been described (Schirpenbach et al. 2006) . It was our finding that the DPC kit systematically measures samples w30% higher than the assay developed here. Other authors have also reported in the past that, in patients with chronic renal failure, this direct method overestimates aldosterone levels by w37% (Miller et al. 1997) . The lack of agreement between aldosterone assays, especially those without an extraction step, which has recently been highlighted (Stowasser & Gordon 2006) , of course may have serious implications in a clinical setting.
Gender-and age-related differences in serum aldosterone concentrations of mice
In the present study, we report values for serum aldosterone in mice which are well within the measurable range of this assay. After assessment of samples taken from 75 C57BL/6!NMRI mice we found no gender-dependent difference. This observation included male and female mice aged between 3 and 11 weeks after birth. We exclude the possibility that anesthesia or blood sampling may have influenced steroid levels in our experiments since, as has previously been shown (Vahl et al. 2005) , rapid sampling carried out in !3 min does not trigger a stress response. To our knowledge so far, there has been no in-depth study describing gender-related levels of aldosterone in these or any other strain of mice. In one recent study (Sausbier et al. 2005) , carried out to evaluate the influence of large conductance, voltage-and Ca
2C
-dependent K C (BK) channels, BK mutant mice exhibited higher serum aldosterone levels than wild-type mice of the same SV129!C57BL/6 genetic background, but no differences between male and female mice were observed in either group.
Other authors have previously found (Zhang et al. 2003 , Jensen et al. 2004 , that aldosterone does not change significantly in rodents during postnatal development, however, these experiments were carried out in rats. The importance of aldosterone in developmental processes, such as growth of the kidney, has been addressed by many studies. For instance, targeted disruption of aldosterone and the components of the RAAS in mice lead to diminished kidney growth, vascular wall thickening, and low blood pressure ( Jensen et al. 2004) . In the present investigation, we observed a highly significant increase in the levels of aldosterone between 5 and 7 weeks of age and, though these levels decreased at week 9, levels recovered at week 11 and were not statistically significant compared with week 7. It is possible that blood samples, particularly in female mice around 7 weeks of age, have been taken in a 'sensitive phase', for example, during proestrus, as influences of the cycle stage have been shown to affect steroid hormone concentrations (Atkinson & Waddell 1997) . However, we see a similar longitudinal pattern of the aldosterone concentrations also in male mice and believe that this was a physiological increase in both genders. These data are supported by a current study where we have also analyzed the zonal composition in the adrenal glands of exactly the same strain of mice (Bielohuby et al. 2007) . Although total cortical volume was clearly higher in female mice when compared with their male littermates, the zona glomerulosa did not contribute to this genderdependent phenotype. These findings confirm our measurements on aldosterone concentrations comparing male and female mice. We also found a significant rise of total zona glomerulosa volume comparing 3 and 7 weeks of age with no further significant changes until week 11, similar to what we observed in serum aldosterone concentrations. Changes in aldosterone levels accompanied by changes in adrenal weights have not been systematically studied yet and these observations merit further attention.
No difference in plasma aldosterone concentrations between neonate and adult 3-month-old mice (C57BL/6 strain) was reported by Cao et al. (2006) . As we did not include mice older than 11 weeks in our study, it is possible that the aldosterone levels decline thereafter. In another study showing aldosterone levels in 1-week-and 1-month-old wild-type and proopiomelanocortin (POMC) null animals, the authors reported levels which were approximately twice as high in the wild types at 1 month compared with 1 week (793G103 vs 357G145 pg/ml) and significantly decreased at 1 month (203G39 pg/ml) in the POMC null mice, while no difference occurred between wild-type and mutant mice at week 1 (89G5 pg/ml; Karpac et al. 2005) . However, the different strain, assay, and blood sampling techniques used hamper a comparison between the studies.
Aldosterone and ACTH in mice
Research on the actions of ACTH on the adrenal cortex has focused, so far, mainly on its maintenance of glucocorticoids in plasma, for example, its role in aiding steroidogenesis via transfer of cholesterol across the mitochondria in conjunction with steroid acute regulatory protein (StAR). Its chronic effects to enhance the gland's steroidogenic enzymes in the biosynthetic pathway and to make more cells capable of conducting steroidogenesis have also been studied (Vinson 2003) . Although assessment of adrenal function in human patients for diagnostic purposes is carried out by standardized ACTH tests (Alia et al. 2006) , there is little direct evidence available for the actions of ACTH on the production of aldosterone in rodents. Aldosterone has primarily been studied in the context of its function within the RAAS. One study has shown diminished, though detectable, levels of aldosterone with no distinguishable architecture of the zona glomerulosa in POMC-deficient mice (Coll et al. 2004 ) and the authors in that study report that aldosterone levels do not increase in response to ACTH injection. Other researchers report aldosterone levels below limits of detection in mice with a complete lack of ACTH (Yaswen et al. 1999) , which illustrates the need for standardization in order to avoid discrepancies in assay measurement as an interfering factor. It was our purpose to indicate the applicability and relevance of the current assay by showing that adrenocortical function can be monitored effectively in small sample volumes. To demonstrate this, we carried out a study including pharmacological intervention with dexamethasone suppression as well as stimulation with an ACTH analog (Synacthen). ACTH is thought to be an acute regulator of aldosterone synthesis in stress situations (Muller 1995 , Davies et al. 2007 . To demonstrate that there were clear increases and decreases in the production of aldosterone under the circumstances of the study and to make sure that there was definite hyper-and hypoplasia of the adrenal gland under stimulation and suppression we used a previously established protocol (Coll et al. 2006) .
Increased potassium diet and the adrenal RAAS
Elevated extracellular potassium concentrations directly stimulate aldosterone production by acting on the steroidogenic pathways occurring in the cells of the zona glomerulosa (Muller 1995 , Williams 2005a ). In our assessment of serum samples from mice administered a high K C diet for 5 weeks, aldosterone levels were greatly increased as expected. The extent of the increase was confirmed as results were in extremely close correlation with a commercial assay requiring a much larger sample volume. The findings of aldosterone levels in wild-type mice on a normal potassium diet are in agreement with the findings of previous authors (172G36 vs 201 . 8G26 . 2 pg/ml; Arrighi et al. 2001) , however, the concentrations after a high K C diet are significantly lower, though this may be expected as the mice in that study were only given high K C chow without concurrently increased amounts of K C in the drinking water, and the diet was only given for 2 weeks as opposed to 5 weeks as was the case in our study.
Conclusion
In the present article, we describe the development of a highly sensitive TR-FIA for the determination of aldosterone levels in small volumes of serum or plasma. The assay employs a highly specific monoclonal antibody against aldosterone and requires a sample of only 50 ml. We have validated the system in human plasma and mouse serum samples and shown its potential to be used in pharmacological and dietary intervention studies, and to monitor the regulation of the RAAS. Furthermore, we have shown that in mice there is an increase in aldosterone levels around puberty. As mice aged between 3 and 11 weeks are frequently used to carry out studies, our results may serve as a reference point for aldosterone concentrations in future experiments. We have thus shown that the assay presented is a reliable technique which can potentially be used to measure the mineralocorticoid aldosterone in a variety of experimental settings and mouse models where endocrine changes are being investigated.
